In this paper, the performance of environmentally friendly porous asphalt mixture was optimized by the response surface method. Taking the asphalt-aggregate ratio, crumb-rubber content, and basalt fiber content as the independent variables, the air void, Marshall stability, flow value, Marshall quotient, and Cantabro particle loss are the response values. The best model was determined by fitting the experimental data. After the influence of the independent variables on the response values was clarified, the models were used to optimize the dosage of the asphalt, crumb rubber, and basalt fiber through comprehensive analysis. The results showed that the application of the response surface method can complete the establishment of the models and the optimization of the performance of the porous asphalt mixture with sufficient accuracy. The optimum dosage of the asphalt to aggregate ratio, crumb rubber, and basalt fiber is 4.51%, 11.21%, and 0.42%, respectively. The high-temperature stability, low-temperature crack resistance, water stability, and Cantabro particle loss resistance of the optimized porous asphalt mixture were effectively improved, which provides a reference for the construction of eco-friendly pavement.
Introduction
Porous asphalt mixture (PAM) has been widely studied worldwide due to its superior permeability and noise reduction performance [1] [2] [3] [4] . The application of permeable pavement in urban roads can not only improve the rainy driving safety and increase the comfort of pedestrian travel, but also accelerate the urban water cycle, reduce the probability of urban waterlogging, and decrease the adverse impact of urbanization on the natural environment [5] . The State Council of China has also begun to vigorously promote the construction of sponge cities since 2015. Many southern cities in China have adopted the design of permeable asphalt pavement, which has achieved excellent pavement performance and ecological effect in the early stage. Despite its many advantages, the PAM has inferior strength compared with traditional asphalt concrete (AC) owing to its inherent large void structure. In the practical application of permeable pavement, the water stability and the adhesion of aggregate to asphalt of PAM have higher requirements, which limits the application of the porous asphalt mixture to a certain extent [6, 7] . In view of this inherent shortcoming of PAM, many scholars have conducted a large number of experimental studies from the perspective of applying modifiers.
The modifiers currently used in PAMs mainly include fibers, epoxy resins, crumb rubber, etc. [8] [9] [10] [11] [12] [13] . Crumb rubber is produced from used tires and there are approximately 140 million used tires generated per year in China. However, the recycling rate is only 45%, which puts tremendous pressure on the natural environment. Therefore, applying crumb rubber to pavement materials can reduce environmental pollution to a certain extent and improve the sustainability of social development. It is The binder used in this study was SBS-modified bitumen. The amount of SBS modifier is 4%, which is produced in Panjin City, Liaoning Province, China, and its main indicators are shown in Table 1 . The aggregate used in this study was steel slag, and the filler was limestone powder, all of which are produced in Jilin City, Jilin Province, China, their main physical and mechanical properties are shown in Table 2 . The rubber powder used was produced in Changchun City, Jilin Province, China, and its main physical properties are shown in Table 3 . In addition, the basalt fiber used in this study was produced in Jilin City, Jilin Province, China, its main physical indicators are shown in Table 4 . The appearance of crumb rubber and basalt fiber is shown in Figure 1 . 
Response Surface Methodology
In this study, the face-centered central composite design (FCCD) was used. First, the asphalt to aggregate ratio (A), crumb-rubber content (B), and basalt fiber content (C) were determined as three independent variables. Then, based on our previous study [22, 25, 28] , the asphalt to aggregate ratio was determined at 4.0, 4.5, and 5.0, and crumb rubber to asphalt ratio was 8%, 10%, and 12%. Basalt fiber content was 0.25%, 0.40%, and 0.55% in relation to the asphalt mixture.
Air void content is a very important volume indicator for asphalt mixes and it greatly affects the mechanical properties of mixture. In addition, the size of air void determines the quality of permeability for permeable asphalt mixture. Marshall stability is an important mechanical indicator of asphalt mixtures. Additionally, there must be sufficient adhesion between the binder and aggregate in the PAM. If the adhesion is insufficient, not only will the strength of the mixture be lowered, but the aggregate on the surface of pavement will also fall off, thereby affecting water permeability. The Cantabro particle loss test was used to evaluate the adhesion between aggregate and asphalt. In summary, the air void, Marshall stability, flow value, Marshall quotient, and Cantabro particle loss were selected as response values.
There were 19 experimental groups designed using Design Expert 8.0 software (Stat-Ease, Inc., Minneapolis, MN, USA). Five of them were set to the "center point" in response surface design, that is, the amount of all modifiers in each group was the same, which was to correct the error during experiment. The numbers of these five groups are 8, 9, 14, 15, and 18 . The remaining 14 groups were used to explore the relationship between the independent variables and the response values. Each experimental group consisted of six specimens, three of which were tested for volume index and Marshall stability, and three for Cantabro particle loss test. A total of 114 standard Marshall specimens were prepared in the experiment.
Specimen Preparation and Experiment

Specimen Preparation
The aggregate gradation of PAM in this experiment is shown in Figure 2 . First, the mass of the aggregate, mineral powder, crumb rubber, and basalt fiber were accurately weighed, then the weighed aggregate and the mineral powder were held in an oven at 175 • C for five hours while the SBS-modified asphalt was melted to a flowing state in an oven at 175 • C. According to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) [29] , the production process of the test piece is as follows: 
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Specimen Preparation and Experiment
Specimen Preparation
The aggregate gradation of PAM in this experiment is shown in Figure 2 . First, the mass of the aggregate, mineral powder, crumb rubber, and basalt fiber were accurately weighed, then the weighed aggregate and the mineral powder were held in an oven at 175 °C for five hours while the SBS-modified asphalt was melted to a flowing state in an oven at 175 °C. According to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011) [29] , the production process of the test piece is as follows:
Step1: Place the aggregate immediately in a mixing pot at 175 °C while adding the corresponding basalt fiber. Start the mixing pot and stir for 90 s.
Step2: According to the mass calculated in the corresponding experimental group, add the SBSmodified asphalt and stir for another 90 s.
Step3: Add the corresponding crumb rubber and mineral powder, stir for 90 s to obtain a mixed PAM.
Step4: Use a standard Marshall compacting hammer to compact the specimen 50 times per side. Step1: Place the aggregate immediately in a mixing pot at 175 • C while adding the corresponding basalt fiber. Start the mixing pot and stir for 90 s.
Step2: According to the mass calculated in the corresponding experimental group, add the SBS-modified asphalt and stir for another 90 s.
Step4: Use a standard Marshall compacting hammer to compact the specimen 50 times per side. The heights of the specimens used in this experiment were all in the range of 63.5 ± 1.3 mm.
Air Voids
The void characteristics of specimens were tested according to the Chinese standard (T 0705-2011), the calculation method is as shown in Equation (1):
where γ f is the bulk specific gravity; γ t is the theoretical maximum specific density.
Marshall Stability Test (MS)
The MS test was carried out according to the Chinese standard (GB/T 0709-2011) and specific experimental steps refer to a previous study [22] , the Marshall quotient can be calculated from the measured MS and flow value, its calculation method is shown in Equation (2):
where MS is the Marshall stability; and FV is the flow value.
Cantabro Particle Loss Test (CPL)
The CPL test was carried out according to the Chinese standard (T 0733-2011), and the adhesion between the binder and aggregate is characterized by the mass loss rate. Its specific experimental steps and calculation method refer to previous study [22] .
Results and Discussion
Test Results
The independent variable parameters and results of the response values are shown in Table 5 . As mentioned above, the asphalt to aggregate ratio (A), crumb rubber content (B), and basalt fiber content (C) are set as independent variables, and the air void (VA), Marshall stability (MS), flow value (FV), Marshall quotient (MQ), and Cantabro particle loss (CPL) are set as the response values. 
Statistical Analysis and Discussion
Data results obtained from the experiments were further utilized to determine the suitable models by the sequential F-test, lack of fit tests, and the R 2 value. Then the independent variable parameters were evaluated using the analysis of variance (ANOVA). Finally, the relationship between each response value and the independent variables is analyzed by the 3D model diagram.
Analysis of Air Voids (VA)
The ANOVA results of the air void model and the ANOVA results of the independent variables are shown in Tables 6 and 7, respectively. Note: "****" p < 0.0001; "***" 0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05. Table 6 illustrates that the quadratic model had a good fitting effect based on the experimental data. In the model, R 2 was 0.9463, Adj. R 2 was 0.8926, and their values are close to 1, which indicates that the model can reflect the inherent law between independent variables and response values well. Table 7 shows the results of ANOVA of the independent variables in the quadratic model, including the linear and quadratic terms of the asphalt to aggregate ratio (A), the crumb rubber content (B), the basalt fiber content (C), and the interaction between the three independent variables. The p-value represents the degree of influence of independent variable on response value, when the p-value is less than 0.05, there is a statistically significant relationship between the independent variable and the response value. Therefore, it can be seen in Table 7 that A, B, AB, and B 2 are important factors affecting the air void model. Finally, by leaving out the insignificant factors, the quadratic equation for VA can be established as: 2 (3) Figure 3 shows the residual normal distribution diagram of VA and Figure 4 shows the distribution of forecast and actual values of VA, these data basically fall into a straight line, which reveals that the model has sufficient accuracy and can be used to describe the relationship between VA and three factors well. Figure 5 shows a 3D model diagram of air voids with respect to the three independent variables, revealing the relationship between the air voids and the independent variables and the interaction between various factors. As shown in Figure 5a ,b, the asphalt to aggregate ratio is most pronounced with respect to the air voids. As the asphalt to aggregate ratio increases, the air voids of the PAM decreases. This is because, as the amount of asphalt increases, there is more free asphalt in addition to the structural asphalt wrapped on the aggregate surface, and these asphalt fill the voids in PAM, thereby reducing the air voids [30, 31] . It can be seen in Figure 5a ,c that as the rubber powder content increases, the air voids increase first, and then decrease. This is because when the amount of rubber powder is increased from 8% to 10%, it mainly reflects the viscosity-increasing effect on the asphalt, which makes the mixture more difficult to compact under the same conditions, resulting in an increase in voids. When the amount of rubber powder is increased from 10% to 12%, the air voids are reduced because more rubber powder fills the voids. The amount of basalt fiber has a little effect on the air voids.
Analysis of Marshall Stability (MS)
The ANOVA results of the MS model and the ANOVA results of the independent variables are shown in Tables 8 and 9 , respectively. <0.0001 **** Note: "****" p < 0.0001; "***" 0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05.
It can be seen from Table 8 that the quadratic model had a good fitting effect based on the experimental data. The model had an R 2 of 0.9754 and an Adj. R 2 of 0.9509. In Table 9 , p values of A, As shown in Figure 5a ,b, the asphalt to aggregate ratio is most pronounced with respect to the air voids. As the asphalt to aggregate ratio increases, the air voids of the PAM decreases. This is because, as the amount of asphalt increases, there is more free asphalt in addition to the structural asphalt wrapped on the aggregate surface, and these asphalt fill the voids in PAM, thereby reducing the air voids [30, 31] . It can be seen in Figure 5a ,c that as the rubber powder content increases, the air voids increase first, and then decrease. This is because when the amount of rubber powder is increased from 8% to 10%, it mainly reflects the viscosity-increasing effect on the asphalt, which makes the mixture more difficult to compact under the same conditions, resulting in an increase in voids. When the amount of rubber powder is increased from 10% to 12%, the air voids are reduced because more rubber powder fills the voids. The amount of basalt fiber has a little effect on the air voids.
The ANOVA results of the MS model and the ANOVA results of the independent variables are shown in Tables 8 and 9 , respectively. <0.0001 **** Note: "****" p < 0.0001; "***" 0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05. It can be seen from Table 8 that the quadratic model had a good fitting effect based on the experimental data. The model had an R 2 of 0.9754 and an Adj. R 2 of 0.9509. In Table 9 , p values of A, C, A 2 , B 2 , and C 2 are less than 0.05, which are important factors in the MS model. According to the least squares method, a fitted quadratic model expression is obtained, as shown in Equation (4): 2 (4) Figure 6 shows the residual normal distribution diagram of MS and Figure 7 shows the distribution of forecast and actual values of MS. These data basically fall into a straight line, which shows that the model has superior accuracy and can be used to describe the relationship between the MS and the three factors well. Figure 8 shows a 3D model diagram of MS with respect to the three independent variables, revealing the relationship between MS and the independent variables. (4) Figure 6 shows the residual normal distribution diagram of MS and Figure 7 shows the distribution of forecast and actual values of MS. These data basically fall into a straight line, which shows that the model has superior accuracy and can be used to describe the relationship between the MS and the three factors well. Figure 8 shows a 3D model diagram of MS with respect to the three independent variables, revealing the relationship between MS and the independent variables. (4) Figure 6 shows the residual normal distribution diagram of MS and Figure 7 shows the distribution of forecast and actual values of MS. These data basically fall into a straight line, which shows that the model has superior accuracy and can be used to describe the relationship between the MS and the three factors well. Figure 8 shows a 3D model diagram of MS with respect to the three independent variables, revealing the relationship between MS and the independent variables. (4) Figure 6 shows the residual normal distribution diagram of MS and Figure 7 shows the distribution of forecast and actual values of MS. These data basically fall into a straight line, which shows that the model has superior accuracy and can be used to describe the relationship between the MS and the three factors well. Figure 8 shows a 3D model diagram of MS with respect to the three independent variables, revealing the relationship between MS and the independent variables. It can be seen from Figure 8 that MS has a tendency to increase first and then decrease with the increase of the three independent variables. The effect of the asphalt to aggregate ratio and basalt fiber content is most obvious. The low amount of bitumen will result in insufficient cohesiveness of the mixture, and the excessive use of bitumen will result in insufficient stability at high temperatures, which will reduce MS. When the basalt fiber content is increased from 0.25% to 0.40%, the fiber mainly acts to reinforce and conduct internal forces, which make the PAM stronger. However, when the amount of basalt fiber is increased from 0.4% to 0.55%, more agglomerated fibers appear inside the mixture, resulting in defects inside [32, 33] . In addition, more fibers absorb more bitumen and it may cause insufficient adhesion between the aggregate and bitumen.
Analysis of Flow Value (FV)
The ANOVA results of FV model and the ANOVA results of the independent variables are shown in Tables 10 and 11, respectively. From the results in Table 10 , the quadratic model had a good fitting effect based on the experimental data. In the model, R 2 was 0.9604 and Adj. R 2 was 0.9209, which shows that the model has good accuracy. In Table 11 , the p values of A, B, C, AC, and A 2 are less than 0.05, which are important factors in the FV model. Based on the least squares method, the reasonable quadratic equation can be obtained as: It can be seen from Figure 8 that MS has a tendency to increase first and then decrease with the increase of the three independent variables. The effect of the asphalt to aggregate ratio and basalt fiber content is most obvious. The low amount of bitumen will result in insufficient cohesiveness of the mixture, and the excessive use of bitumen will result in insufficient stability at high temperatures, which will reduce MS. When the basalt fiber content is increased from 0.25% to 0.40%, the fiber mainly acts to reinforce and conduct internal forces, which make the PAM stronger. However, when the amount of basalt fiber is increased from 0.4% to 0.55%, more agglomerated fibers appear inside the mixture, resulting in defects inside [32, 33] . In addition, more fibers absorb more bitumen and it may cause insufficient adhesion between the aggregate and bitumen.
The ANOVA results of FV model and the ANOVA results of the independent variables are shown in Tables 10 and 11, respectively.
From the results in Table 10 , the quadratic model had a good fitting effect based on the experimental data. In the model, R 2 was 0.9604 and Adj. R 2 was 0.9209, which shows that the model has good accuracy. In Table 11 , the p values of A, B, C, AC, and A 2 are less than 0.05, which are important factors in the FV model. Based on the least squares method, the reasonable quadratic equation can be obtained as: 2 (5) Figure 9 shows the residual normal distribution diagram of FV and Figure 10 shows the distribution of forecast and actual values of FV. these data basically fall into a straight line, which shows that the model has favorable accuracy and can be used to describe the relationship between FV and three factors well. Figure 11 is a 3D model diagram of FV with respect to the three independent variables, revealing the relationship between the flow values and the independent variables and the interaction between various factors. Note: "****" p < 0.0001; "***" 0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05. Note: "****" p < 0.0001; "***" 0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05. Figure 9 shows the residual normal distribution diagram of FV and Figure 10 shows the distribution of forecast and actual values of FV. these data basically fall into a straight line, which shows that the model has favorable accuracy and can be used to describe the relationship between FV and three factors well. Figure 11 is a 3D model diagram of FV with respect to the three independent variables, revealing the relationship between the flow values and the independent variables and the interaction between various factors. Note: "****" p < 0.0001; "***" 0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05. Figure 9 shows the residual normal distribution diagram of FV and Figure 10 shows the distribution of forecast and actual values of FV. these data basically fall into a straight line, which shows that the model has favorable accuracy and can be used to describe the relationship between FV and three factors well. Figure 11 is a 3D model diagram of FV with respect to the three independent variables, revealing the relationship between the flow values and the independent variables and the interaction between various factors. As can be seen from Figure 11b , the flow value gradually increases as the asphalt to aggregate ratio increases and the amount of basalt fiber decreases. As the amount of asphalt increases, the viscoelasticity of the PAM will change, that is, the mixture exhibits more viscosity and will produce greater deformation under load at high temperature. In addition, the network structure formed by basalt fiber is more conducive to the transfer of load, and the reinforcement of the fiber forms a constraint in the mixture. On the other hand, as the amount of fiber increases, more free asphalt is adsorbed, resulting in a smaller flow value. In comparison, the amount of crumb rubber has little effect on the flow value.
Analysis of Marshall Quotient (MQ)
The ANOVA results of MQ model and the ANOVA results of the independent variables are shown in Tables 12 and 13, respectively. It can be seen from Table 12 that the quadratic model has a good fitting effect based on the experimental data. In the model, R 2 was 0.9594 and Adj. R 2 was 0.9189. In Table 13 , the p values of A, C, A 2 , and C 2 are less than 0.05, which are important influencing factors in the MQ model. According As can be seen from Figure 11b , the flow value gradually increases as the asphalt to aggregate ratio increases and the amount of basalt fiber decreases. As the amount of asphalt increases, the viscoelasticity of the PAM will change, that is, the mixture exhibits more viscosity and will produce greater deformation under load at high temperature. In addition, the network structure formed by basalt fiber is more conducive to the transfer of load, and the reinforcement of the fiber forms a constraint in the mixture. On the other hand, as the amount of fiber increases, more free asphalt is adsorbed, resulting in a smaller flow value. In comparison, the amount of crumb rubber has little effect on the flow value.
The ANOVA results of MQ model and the ANOVA results of the independent variables are shown in Tables 12 and 13, respectively. Note: "****" p < 0.0001; "***"0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05.
It can be seen from Table 12 that the quadratic model has a good fitting effect based on the experimental data. In the model, R 2 was 0.9594 and Adj. R 2 was 0.9189. In Table 13 , the p values of A, C, A 2 , and C 2 are less than 0.05, which are important influencing factors in the MQ model. According to the principle of least squares, the fitted quadratic model expression can be obtained by using Design Expert 8.0 software, as shown in Equation (6) Figure 12 shows the residual normal distribution diagram of MQ and Figure 13 shows the distribution of forecast and actual values of MQ, these data basically fall into a straight line, which shows that the model has sufficient accuracy and can be used to describe the relationship between MQ and the three factors well. Figure 14 is a 3D model diagram of MQ with respect to the three independent variables, revealing the relationship between MQ and the independent variables and the interaction between various factors. 0.093 1 0.093 11.31 0.0083 ** Note: "****" p < 0.0001; "***"0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05. Figure 12 shows the residual normal distribution diagram of MQ and Figure 13 shows the distribution of forecast and actual values of MQ, these data basically fall into a straight line, which shows that the model has sufficient accuracy and can be used to describe the relationship between MQ and the three factors well. Figure 14 is a 3D model diagram of MQ with respect to the three independent variables, revealing the relationship between MQ and the independent variables and the interaction between various factors. As can be seen from Figure 14a ,b, when the asphalt to aggregate ratio is increased from 4.0% to 4.5%, the MQ is not significantly changed. However, when the asphalt to aggregate ratio is increased from 4.5% to 5.0%, the MQ is rapidly reduced due to a rapid increase in the FV. Otherwise, as can be seen from Figure 14b ,c, the amount of basalt fiber has a significant influence on MQ. When the amount of basalt fiber is increased from 0.25% to 0.40%, the MQ increases significantly. This is because the flow value is significantly reduced at this time. As fiber usage continues to increase, the change in MQ is no longer obvious.
Analysis of Cantabro Particle Loss (CPL)
The ANOVA results of CPL model and the ANOVA results of the independent variables are shown in Tables 14 and 15, respectively. Note: "****" p < 0.0001; "***" 0.0001 ≤ p < 0.001; "**" 0.001 ≤ p < 0.01; "*" 0.01 ≤ p < 0.05; "-" p ≥ 0.05.
It can be seen from Table 14 , the quadratic model had a good fitting effect based on the experimental data. In the model, R 2 was 0.9556, Adj. R 2 was 0.9112, and their values are close to 1, which indicates that the model can reflect the inherent law between independent variables and response values well. In Table 15 , the p values of A, C, AC, and A 2 are less than 0.05, which are important influencing factors in the model. Based on the least squares method, the reasonable second-order polynomial equation for CPL can be established as: Figure 15 shows the residual normal distribution diagram of CPL and Figure 16 shows the distribution of forecast and actual values of CPL. These data basically fall into a straight line, which shows that the model has sufficient accuracy and can be used to describe the relationship between CPL and the three factors well. Figure 17 is a 3D model diagram of CPL with respect to the three independent variables, revealing the relationship between CPL and the independent variables and the interaction between the various factors. As can be seen from Figure 17 , the asphalt to aggregate ratio has a great influence on CPL. The CPL is greatly reduced as the amount of bitumen increases. Moreover, it can be seen from Figure  17b ,c that CPL tends to decrease first and then increase with the increase in the amount of basalt fiber. This is because, first of all, with the increase of the amount of fiber, the specimens have better integrity and more stable internal connections due to the reinforcement of fibers. However, when the amount of fiber continuously increases, excess fiber will absorb more bitumen, which leads to insufficient bonding of aggregate and binder, and is more prone to Cantabro particle loss. Furthermore, as the amount of rubber powder increases, the CPL of the test piece decreases slightly. This is because the rubber powder increases the viscosity of bitumen, which, in turn, makes the aggregate bond more firmly to the binder.
Parameter Optimization and Model Verification
It can be clarified that three variables have different effects on different response values through analysis of above models. First, according to the Technical Specification for Permeable Asphalt Pavement (CJJ/T 190-2012) [34] , and through the comprehensive analysis of the five response values, the optimal usage of the three variables and the expected response output values were determined by using the optimization features in Design-Expert 8.0. The target values are presented in Table 16 . Then, standard Marshall samples were made with the optimized PAM and the previous experiments were carried out. Finally, the accuracy of models was verified by comparing experimental representative values with the expected response output values. The model prediction results and experimental results are shown in Table 17 . It can be seen from Table 17 that the relative error between predicted values and experimental results is less than 4.5%. This reveals that the models have good prediction accuracy and favorable practical application value. In addition, several response values meet the requirements of Chinese specifications. Marshall stability exceeds the minimum specified by the specification of 61.6%, which As can be seen from Figure 17 , the asphalt to aggregate ratio has a great influence on CPL. The CPL is greatly reduced as the amount of bitumen increases. Moreover, it can be seen from Figure 17b ,c that CPL tends to decrease first and then increase with the increase in the amount of basalt fiber. This is because, first of all, with the increase of the amount of fiber, the specimens have better integrity and more stable internal connections due to the reinforcement of fibers. However, when the amount of fiber continuously increases, excess fiber will absorb more bitumen, which leads to insufficient bonding of aggregate and binder, and is more prone to Cantabro particle loss. Furthermore, as the amount of rubber powder increases, the CPL of the test piece decreases slightly. This is because the rubber powder increases the viscosity of bitumen, which, in turn, makes the aggregate bond more firmly to the binder.
It can be clarified that three variables have different effects on different response values through analysis of above models. First, according to the Technical Specification for Permeable Asphalt Pavement (CJJ/T 190-2012) [34] , and through the comprehensive analysis of the five response values, the optimal usage of the three variables and the expected response output values were determined by using the optimization features in Design-Expert 8.0. The target values are presented in Table 16 . Then, standard Marshall samples were made with the optimized PAM and the previous experiments were carried out. Finally, the accuracy of models was verified by comparing experimental representative values with the expected response output values. The model prediction results and experimental results are shown in Table 17 . It can be seen from Table 17 that the relative error between predicted values and experimental results is less than 4.5%. This reveals that the models have good prediction accuracy and favorable practical application value. In addition, several response values meet the requirements of Chinese specifications. Marshall stability exceeds the minimum specified by the specification of 61.6%, which indicates that the optimized PAM has good high-temperature stability. The adhesion between the aggregate and binder meets the specification requirements.
Analysis of Pavement Performance
In order to further study the pavement performance of the optimized PAM, a low-temperature splitting test and a freeze-thaw splitting test were carried out. As for the low-temperature splitting test, the experimental temperature is −10 • C, and the load application rate is 1 mm/min. Before the experiment, the specimens were stored for 6 h in a chamber at −10 • C. For freeze-thaw splitting test, the experimental temperature is 25 • C, and the load application rate is 50 mm/min. Specific conditions and processes of the experiments refer to previous research [22] . At the same time, the PAM made of SBS-modified asphalt and the same aggregate grading (without crumb rubber and basalt fiber) was set as the control group, and the same experiments were carried out. The results of experiments are shown in Figure 18 . indicates that the optimized PAM has good high-temperature stability. The adhesion between the aggregate and binder meets the specification requirements.
In order to further study the pavement performance of the optimized PAM, a low-temperature splitting test and a freeze-thaw splitting test were carried out. As for the low-temperature splitting test, the experimental temperature is −10 °C, and the load application rate is 1 mm/min. Before the experiment, the specimens were stored for 6 h in a chamber at −10 °C. For freeze-thaw splitting test, the experimental temperature is 25 °C, and the load application rate is 50 mm/min. Specific conditions and processes of the experiments refer to previous research [22] . At the same time, the PAM made of SBS-modified asphalt and the same aggregate grading (without crumb rubber and basalt fiber) was set as the control group, and the same experiments were carried out. The results of experiments are shown in Figure 18 . It can be seen from Figure 18a that, compared with control group, low-temperature splitting strength of optimized PAM is increased by 20.3% and the failure strain increased by 12.2%. This indicates that low-temperature crack resistance of the optimized PAM is significantly enhanced. Furthermore, it can be seen from Figure 18b that the freeze-thaw splitting strength ratio of the optimized PAM is 3.7% higher than that of the control group, which indicates that its water stability is slightly improved.
Conclusions
In this study, a new eco-friendly porous permeable asphalt mixture with basalt fiber and crumb rubber was produced. The effect of the asphalt to aggregate ratio, crumb rubber content, and basalt fiber content on the properties of the porous asphalt mixture was studied by using the response surface methodology. After clarifying the influence of three independent variables on the properties of the mixture, the PAM was optimized by a numerical model. The optimal usage of three independent variables was determined and the pavement performance verification was completed. The following conclusions can be drawn: 1. The R 2 value of all models in this study is not less than 0.9556, and the prediction error is not more than 4.5%, showing that the response surface method can model the experimental data well and can make accurate performance predictions and optimizations. 2. The asphalt to aggregate ratio has an important effect on all five response values. Excessive use of bitumen leads to a decrease in Marshall stability, a larger flow value, and a lower air void, but at the same time it also improves the adhesion between the aggregate and bitumen, thus reducing the Cantabro particle loss. The optimum asphalt to aggregate ratio for the optimized PAM is 4.51%. It can be seen from Figure 18a that, compared with control group, low-temperature splitting strength of optimized PAM is increased by 20.3% and the failure strain increased by 12.2%. This indicates that low-temperature crack resistance of the optimized PAM is significantly enhanced. Furthermore, it can be seen from Figure 18b that the freeze-thaw splitting strength ratio of the optimized PAM is 3.7% higher than that of the control group, which indicates that its water stability is slightly improved.
In this study, a new eco-friendly porous permeable asphalt mixture with basalt fiber and crumb rubber was produced. The effect of the asphalt to aggregate ratio, crumb rubber content, and basalt fiber content on the properties of the porous asphalt mixture was studied by using the response surface methodology. After clarifying the influence of three independent variables on the properties of the mixture, the PAM was optimized by a numerical model. The optimal usage of three independent variables was determined and the pavement performance verification was completed. The following conclusions can be drawn:
1.
The R 2 value of all models in this study is not less than 0.9556, and the prediction error is not more than 4.5%, showing that the response surface method can model the experimental data well and can make accurate performance predictions and optimizations.
